Abstract-As important non-invasive techniques in brain stimulation, transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS) have been studied and compared in this paper by employing impedance method and a 3D human head model. The quantitative analysis of distributions of current density and electric field by tDCS and TMS have been presented. Results are compared and potential applications are discussed.
INTRODUCTION
Transcranial magnetic stimulation (TMS) is a technique for stimulating the brain. Transcranial magnetic stimulation uses powerful rapidly changing magnetic fields to induce electric fields in the brain by electromagnetic induction without the need for surgery or external electrodes. As a non-invasive method to stimulate brain, TMS has attracted considerable interest as an important tool for studying the functional organization of the human brain as well as a therapeutic tool in numerous clinical trials to improve a variety of psychiatric diseases [1, 2] .
Recently another non-invasive method transcranial direct current stimulation has been developed. The tDCS method involves application of low intensity direct current stimulation of cortex through large surface scalp electrodes. The principle of how tDCS works in the brain is roughly the same as that of TMS. They both seek to make neurons in the prefrontal cortex more excitable. tDCS has already been shown to improve implicit motor learning, and visuo-motor coordination. Moreover, with regard to neurologic diseases e.g., epilepsy, depression, migraine, and Parkinson's disease, it offers new interesting therapeutic option [3, 4] .
Although tDCS shows promise in fighting psychiatric disorders, we need to know a lot more before it can be accepted as an effective treatment method. To date the spatial distribution of the current density and electric field within the volume of the human brain for tDCS is largely unknown. Also there has been no comparison between the tDSC and TMS methods. This is main motivation of the present work. By employing the impedance method, and a 3D human head model, this paper provides a quantitative analysis and a comparison of current density and electric field distributions in the human head model by tDCS and TMS.
HUMAN HEAD MODEL
In this paper we use a 3D human head model obtained from Brooks Air Force Laboratory, USA. The model which has 24 different tissues is based on anatomical slices from a male cadaver and it is originally obtained from the Visible Human Project. The electrical properties are modeled using the 4-Cole-Cole model [5] . Typical sliced layer in the head model and tissue colour palette for part of the tissues are shown in Fig. 1 . Conductivities of some important tissues used in the present paper are given in Table 1 .
3-D IMPEDANCE METHOD
The human head model is described using a uniform 3D Cartesian grid and is composed of small cubic voxels. Assuming that, in each cell, the electric conductivities are isotropic and constant in all direction, the model is represented as a 3D network of impedances. The impedances for various directions can be written as
where i, j, k indicate the cell index; ∆m, ∆n, and ∆p are the size of the voxels in m, n, p directions. σ and are the conductivity and the electrical permittivity for the voxel(i, j, k). Kirchoff voltage law around each loop in this network generates a system of equations for the loop currents. In the case of TMS, these loop currents are driven by Faraday induction from the magnetic field of the applicator. In the tDCS case, the currents are injected at the electrodes and then distributed according to the Kirchoff laws. This system of equations is solved numerically using a standard iterative method. The net induced currents within the head are then calculated from these known loop currents. The induced electric field is in turn calculated from the net induced currents using the Ohm's law. Details implementation of the impedance method can be found in [6] [7] [8] .
RESULTS AND DISCUSSIONS
For the tDCS calculation, we use a pair of large surface scalp electrodes with an area of 35cm 2 that are placed on the 3D head model in the bilateral position, as shown in Fig. 2(a) . A direct current of 1 mA is injected from right electrode and extracted the same current on the left side. For the TMS calculation, we design a TMS coil with figure of eight shaped and place it near the left side of head model (Fig. 2(b) ). It consists of two circular coils with inner radius of 10 mm, and outer radii 50 mm, and the number of wire turns in each wing is n r = 10. A typical clinic application current (sine wave with current amplitude I = 7.66 kA, and working frequency f = 3.6 kHz with repetition of 20 Hz) was implemented in the calculations. By employing the impedance method as described in Section 3, the current density J and electric field E are calculated, and the results for tDCS and TMS cases are shown in Table 2 and Table 3 , respectively. For tDCS case, we know that fat (at x = 69 mm, y = 114 mm, z = 202 mm) and skin-dermis (at x = 112 mm, y = 137 mm, z = 208 mm) under the right patch exhibit maximum values of current density: |J| = 1.2 × 10 4 mA/m 2 , and |J| = 1.0 × 10 4 mA/m 2 , respectively. Skindermis (same position as above) and bone marrow (at x = 72 mm, y = 126 mm, z = 197 mm) under the left patch exhibits maximum values electric field: |E| = 5.2 × 10 7 mV/m, and |E| = 2.1 × 10 6 mV/m respectively. This means that the current density and the electric field in tDCS are mostly distributed in the skull. The distributions of current density |J| and electric field |E| at the cross sections have been illustrated in Fig. 3 . From Table 2 , we know that brain tissues, such as spine nerve has maximum value of current density |J| = 370 mA/m 2 and electric field |E| = 6.2 × 10 4 mV/m at the position (89, 106, 106). As we know this position is located in Table 3 : While electric field will be distributed in the scalp as well as in the brain. Fig. 4 illustrates the distribution of current density |J| and electric field |E| in cross sections in TMS case. In the head model with 1 mm resolution, the thickness of the tissues is often close to the grid size, and severe staircasing will locally perturb the calculation. A statistical analysis was thus carried out to estimate the maximum |J| and |E| with a 95% confidence interval (95%-CI). Table  2 and Table 3 summarise 95%-CI in various tissues for tDCS case and TMS case, respectively. For example, the relative errors of |J| and |E| in skin for tDCS case are 5.8% and 5.6%, respectively, while in the brain tissue i.e., white matter, the estimated relative errors are 11.4% for |J| and 11.7% for |E|, which also reveals a fact that tDCS causes large current density and electric field levels in the skull.
Theoretical studies show that a nerve is activated by the first derivative of the component of an induced electric field along the nerve, the so called activating function, during magnetic stimulation [10, 11] . It is important to investigate the activating functions in human brain by tDCS, and TMS, and the precise study will be reported soon.
